Periodic, density functional theory (DFT-GGA) calculations, using PW91 (self-consistently) and RPBE functionals, have been employed to determine preferred binding sites, adsorbate structures, and binding energies for the adsorption of atomic (H, N, O, S, and C), molecular (NO and CO), and radical (OH) species on Cu(111) and CuSn(0001) alloy surfaces. Our results indicate the following order in the binding energies from the least to the most strongly bound: NO < CO < H < OH < N < O < S < C for Cu-terminated CuSn(0001). On Cu(111), the corresponding relative order of adsorbates from the least strongly bound to the most strongly bound is CO < NO < H < OH < N < O < S < C. On the Sn-terminated CuSn(0001) surface, CO does not adsorb and the relative order of adsorbates from the least strongly bound to the most strongly bound is NO < H < OH < N < S < O < C. For all adsorbates, the binding on Cu-terminated CuSn (0001) is stronger than on Cu(111), resulting from a combination of electronic and strain effects caused by the addition of Sn to Cu. CO dissociation is endothermic on Cu-terminated CuSn(0001) and Cu(111) surfaces, while CO oxidation is exothermic on these surfaces. OH dissociation is endothermic on all three surfaces. On all surfaces studied, thermodynamics of NO decomposition are much more favorable than those of CO and OH dissociation on the corresponding surfaces. Our microcalorimetric studies of the interaction of NO with Cu/SiO 2 and Cu 6 Sn 5 /SiO 2 samples give initial heats of 270 (2.80 eV) and 130 (1.35 eV) kJ/mol, respectively. These values correspond to the decomposition of NO to give adsorbed oxygen plus gaseous N 2 on Cu/SiO 2 and adsorbed oxygen plus gaseous N 2 O on the Sn-terminated phase of Cu 6 Sn 5 /SiO 2 .
Introduction
Copper-based catalysts are used for a wide variety of processes, such as methanol synthesis, 1-7 methanol reforming, [8] [9] [10] and low temperature water gas shift (WGS). 9, [11] [12] [13] Copper-based catalysts are also used in the automobile industry, 14,15 as well as for acrolein synthesis, dehydrogenation of cycloalkanes, and dehydrogenation of alcohols. 14-16 Accordingly, numerous experimental and theoretical studies have been conducted to understand the fundamental surface chemistry of copper, in terms of the adsorption of species such as hydrogen, 17, 18 oxygen, [18] [19] [20] carbon, 21 hydroxyl, 18, 22 CO, and NO. 5, 20, 23 Here, we present a systematic study of the structures and energetics of monatomic (H, O, N, S, and C) and diatomic (CO, NO, and OH) species on Cu(111). We use periodic, selfconsistent density funtional theory (DFT) calculations to determine preferred binding sites and binding energies for the adsorbed species. Also, on the basis of the binding energies of the adsorbates at the high symmetry sites, we estimate the diffusion barriers for these adsorbates on the surfaces considered. These results form the basis for documenting the effects of adding modifiers such as tin on the surface chemistry. In this respect, we report results from DFT calculations for the various adsorbates on surfaces of Cu alloyed with Sn, in particular Cuterminated CuSn(0001) and Sn-terminated CuSn(0001) surfaces. We chose tin as a modifying agent because this additive is used widely in heterogeneous catalysis applications, e.g., to alter hydrogenolysis and isomerization reactions of paraffins on metal catalysts. [24] [25] [26] [27] Because of its oxophilic nature, Sn may also participate in catalytic reactions involving oxygen-containing reactants such as alcohols, carboxylic acids, and esters. [28] [29] [30] [31] In addition, Cu supported on SnO 2 appears to be a good catalyst for CO oxidation. 32 Finally, we use the findings from our DFT calculations to interpret experimental results from microcalorimetric measurements of the heats of interaction of NO and CO with silica-supported Cu and CuSn catalysts.
Experimental Section
A silica-supported Cu catalyst containing 11.1 wt % Cu was prepared by incipient wetness impregnation of SiO 2 (Cab-osil, Grade EH-5, Cabot) with an aqueous copper(II) nitrate trihydrate solution, followed by drying at 373 K for 14 h. Another Cu/SiO 2 catalyst was prepared by the same method containing 4.7 wt % Cu, and this material was then impregnated with a Sn (tributyl tin acetate, Aldrich) solution in ethanol and dried again at 373 K for 14 h to prepare a Cu 6 Sn 5 /SiO 2 catalyst. Prior to characterization, the catalysts were reduced in flowing H 2 at 673 K with a 2 h hold preceded by an 8 h ramp from 298 to 673 K. The Cu, Sn, and Si contents of the catalysts were measured by inductively coupled plasma emission spectroscopy with a Perkin-Elmer Plasma 400 ICP Emissions Spectrometer.
Mössbauer spectroscopy and X-ray diffraction (XRD) were used to confirm that Cu 6 Sn 5 is the dominant phase in the Cu 6 -Sn 5 /SiO 2 catalyst. Mössbauer spectra were collected at 300 K with an Austin Science Associates model S-600 Mössbauer spectrometer operated in constant acceleration mode with a 20 mCi γ-ray Ca 119 SnO 3 source. A glass cell with thin windows was used for treatments and to collect the Mössbauer data. XRD scans were collected with a Cu KR source on a Scintag PADV X-ray Diffractometer operating at 40.0 mA and 35.0 kV.
Microcalorimetric measurements of NO adsorption were performed at 300 K using a Setaram BT2.15D heat-flux calorimeter. Details of the procedure for microcalorimetric measurements may be found elsewhere. 33, 34 In short, each sample was treated first in flowing H 2 [200 cm 3 (STP) /min] at 673 K, followed by treatment in flowing helium for 2 h at the same temperature. The sample was then torch sealed under He in a Pyrex capsule, and the capsule was loaded into a set of calorimetric cells. After the sample and cell reached thermal equilibrium with the calorimeter, the capsule was broken and microcalorimetric measurements were made by sequentially introducing small doses (ca. 1 µmol/g) of NO onto the sample. The heat signal was recorded as a function of time, and this signal was integrated to obtain the energy released per dose. Volumetric measurements were made to determine the amount of gas adsorbed during the dose, using the dosing pressure, equilibrium pressure, system volumes, and temperature.
Measurements were also made of the irreversible uptakes of CO and NO at 300 K, as well as the N 2 O uptake at 370 and 300 K for the Cu 6 Sn 5 /SiO 2 catalyst, using a standard gas adsorption apparatus described elsewhere. 35 The N 2 O measurements were made by exposing the reduced catalyst to N 2 O at 370 or 300 K for 20 min, followed by condensing the N 2 O at 77 K to measure the residual N 2 pressure.
DFT Methods
All calculations were carried out using a planewave total energy code (DACAPO). 36, 37 Four layer slabs of Cu(111) and CuSn(0001) were used, periodically repeated in a super cell geometry with five equivalent layers of vacuum between any two successive metal slabs. CuSn has a NiAs type layered structure; hence, both Cu-terminated and Sn-terminated surfaces were considered. In all cases, a 2 × 2 unit cell was used, corresponding to a surface coverage of 0.25 ML. Adsorption was allowed on only one of the two exposed surfaces, and the electrostatic potential was adjusted accordingly. 38 The calculations were performed by relaxing the top two layers of the slabs, whereas spin polarization was implemented as needed (e.g., adsorption of NO). Ionic cores were described by ultrasoft pseudopotentials, 39 and the Kohn-Sham one-electron valence states were expanded in a basis of plane waves with a kinetic energy below 25 Ry. The surface Brillouin zone was sampled at 18 special k-points. 40 In all cases, convergence with respect to the k-point set and the number of metal layers was confirmed. The exchange correlation energy and potential were described by two generalized gradient approximations, self-consistently with GGA-PW91 41, 42 and non-self-consistently with RPBE. 36 The self-consistent PW91 density was determined by iterative diagonalization of the Kohn-Sham Hamiltonian, Fermi population of the Kohn-Sham states (k B T ) 0.1 eV), and Pulay mixing of the resulting electronic density. 43 All total energies have been extrapolated to k B T ) 0 eV. The calculated lattice constant for bulk CuSn, 4.21 Å, is less than 1% off from the experimental value of 4.19 Å. 44 Similarly, the lattice constant calculated for bulk Cu is 3.66 Å, 5, 19, 45, 46 which compares well with the experimentally determined value of 3.61 Å. 47 Here, we note that the calculated lattice constant for CuSn and Cu points to an expansion of the Cu lattice by 15% due to the addition of Sn. Accordingly, we have studied adsorption on a 15% stretched Cu(111) slab, analogous to that studied previously by Xu and Mavrikakis, 19 in order to evaluate the isolated strain effect in the CuSn alloy.
Diffusion barriers of various adsorbates have been estimated by comparing binding energies of the corresponding adsorbate at various high symmetry surface sites. This approach has been followed in the past 48, 49 and has been shown to yield fairly accurate diffusion barrier estimates, when compared to more accurate, but at the same time, much more expensive calculations, for instance, by using the nudged elastic band method. 50 Electron density difference plots were generated for selected adsorbates to analyze the electronic structure of various bonds. For this purpose, we plotted the electron density difference defined as:
where the electronic density for the clean slab was obtained by removing the adsorbate and freezing the atoms in their positions, to account for the adsorbate-induced surface reconstruction effects.
Experimental Results
Mössbauer spectroscopy and XRD studies were carried out to determine the extent to which CuSn alloys were, in fact, present on the Cu 6 Sn 5 /SiO 2 sample of this work. In addition, we conducted experimental studies of CO, N 2 O, and NO chemisorption and NO microcalorimetry on Cu/SiO 2 and Cu 6 -Sn 5 /SiO 2 samples to provide comparisons with predictions from DFT calculations.
The results from in situ Sn Mössbauer spectroscopy and XRD scans of the Cu 6 Sn 5 /SiO 2 sample showed that the major phase is, in fact, Cu 6 Sn 5 . For this sample, we find that the amount of irreversible CO adsorption at 300 K is very small (0.12 µmol/ g). In contrast, a large amount of oxygen can be deposited onto this Cu 6 Sn 5 /SiO 2 catalyst by N 2 O decomposition at 370 K, such that the ratio of O atom uptake to irreversible CO adsorption is equal to 375:1. This behavior suggests that CO does not adsorb strongly on Cu 6 Sn 5 . At 300 K, the amount of O atom uptake from N 2 O decomposition on Cu 6 Sn 5 /SiO 2 catalyst is only 0.56 µmol/g, suggesting that N 2 O dissociation on the supported catalyst is negligible at lower temperatures. NO adsorption uptakes on both Cu/SiO 2 as well as Cu 6 Sn 5 /SiO 2 catalysts are significant (72 and 12 µmol/g, respectively). NO did not adsorb on a pure SiO 2 sample at room temperature as determined from a blank microcalorimetry experiment. Figure 1a ,b shows plots of the differential heat vs the NO uptake for the Cu/SiO 2 and Cu 6 Sn 5 /SiO 2 samples, respectively. When NO is initially dosed into the cell for the microcalorimetry experiments, a residual gas pressure appears, which corresponds to approximately half the amount of NO originally dosed into the cell. For the initial doses (as shown with red in Figure 1a,b) , it is assumed that NO dissociates to form adsorbed O for both catalysts and gas phase N 2 or N 2 O for the Cu/SiO 2 and Cu 6 -Sn 5 /SiO 2 catalysts, respectively. At higher coverages, as shown with blue in Figure 1a ,b, it is assumed that NO adsorbs molecularly. Open symbols in Figure 1a show a transition between dissociative and molecular adsorption of NO, and we have assumed that in this transition region, half the NO dissociates and the other half adsorbs molecularly. Thus, in Figure 1a ,b, the differential heat is plotted vs the total amount of NO that has either dissociated or adsorbed. Later in this paper, we will show that these assumptions are consistent with the results from DFT calculations.
We find the initial heat of reaction to be 270 kJ/mol (2.80 eV) on Cu/SiO 2 and 130 kJ/mol (1.35 eV) for Cu 6 Sn 5 /SiO 2 at low coverages (see Figure 1a ,b). At higher coverages (blue electron density difference ) {electron density of (adsorbate + slab)} -{electron density of clean slab} -{electron density of the adsorbate in the gas phase} closed symbols in Figure 1a ), a plateau is seen for the Cu/SiO 2 substrate at 68 kJ/mol (0.70 eV). This plateau, as will be shown later, is associated with the molecular adsorption of NO on the surface. Similar plateaus can be seen on the Cu 6 Sn 5 /SiO 2 substrate at 69 (0.72 eV) and 38 (0.39 eV) kJ/mol (Figure 1b ).
DFT Results and Discussion
A summary of the calculated binding energies for atomic, molecular, and radical adsorbates on the Cu-terminated CuSn-(0001), Sn-terminated CuSn(0001), and Cu(111) surfaces is presented in Table 1 , while the estimated diffusion barriers for the adsorbates on these surfaces are listed in Table 2 . Binding energies are presented for both PW91 and RPBE functionals, with the later given in square brackets. We compare our results on Cu(111) with those of previous studies, both experimental and theoretical. No previous studies have been conducted on CuSn(0001) surfaces for comparison. The nature of the bond between the adsorbate and the metal is probed for selected adsorbates on all three surfaces using electron density difference plots. To study the effect of strain due to alloying Cu with Sn, the binding energies of adsorbates on Cu(111) and Cuterminated CuSn(0001) are compared to those on 15% stretched Cu(111).
Adsorption of Atoms
Atomic hydrogen is the least strongly bound atom among those we studied on all three surfaces. For the Cu-terminated CuSn(0001) slab, H adsorbs most strongly at the fcc site with a binding energy of -2.97 [-2.69] eV (Table 1) . A noticeable lateral surface reconstruction is found, with the surface Cu atoms being directed radially inward, toward the adsorbed H. The geometric parameters for this configuration are presented in Table 3 , while Figure 2 shows a schematic representation of the corresponding structural parameters. Figure 3a ,f,k shows the adsorbed state of H on Cu-terminated CuSn(0001), Snterminated CuSn(0001), and Cu(111), respectively. For the Cuterminated CuSn(0001) surface, the barrier for H diffusion is estimated around 1.00 [0.90] eV ( 45 and O on Cu(111). 19, 53 Indeed, increasing the lattice constant of pure copper by 15% leads to a significant increase in the binding strength of H on Cu(111) ( Table 4 and Figure 4 ). The binding energy on the 15% stretched Cu(111) surface is -2.52 [-2.31] eV, suggesting that both the strain and the electronic effect due to the addition of Sn play a role in increasing the binding strength of H on copper.
Our assignment of the best site for atomic hydrogen adsorption on Cu(111) differs from the previous HREELS/IRAS study by McCash et al. 54 but is concurrent with the IRAS study by Lamont et al. 55 and HREELS studies. 56 A number of theoretical studies 17, 57, 58 also suggest that the fcc site is the preferred site for H adsorption on Cu(111). Previous DFT studies using a cluster approach 18 have determined the binding energy of atomic hydrogen on Cu(111) to be -2.23 eV. Periodic DFT calculations predict binding energies of about -2.40 eV 5, 36 in good agreement with our findings (-2.39 [-2.23] eV). Our calculations indicate that the distance between the hydrogen atom and the Cu(111) slab is 0.89 Å (see Table 3 ), in good agreement with the value of 0.90 Å determined by Koper and van Santen. 18 The next least strongly bound atom from those studied here is nitrogen. The favored binding site for N on Cu-terminated CuSn(0001) is the hcp site, with a binding energy of -4.27 [-3 .92] eV (Table 1 ). The diffusion barrier for N on this surface is estimated to be 0.85 [0.71] eV ( Table 2 ). The geometric parameters for the hcp site are presented in Table 3 . The site preference and the approximate surface reconstruction are similar to that for adsorption of O atoms, shown in Figure 3b . For the Sn-terminated CuSn(0001) surface, the most favorable site for nitrogen adsorption is the hcp site with a binding energy of -3.37 [-3.11] eV. The surface reconstruction in this case is more extensive than that for the Cu-terminated CuSn(0001) surface (Table 3 ). The estimated diffusion barrier (0.81 [0.89] eV) is similar to that on the Cu-terminated surface. On Cu(111), the strongest nitrogen adsorption is seen at the fcc site with a binding energy of -3.25 [-2.80] eV. This value agrees well with the binding energy determined by Bogicevic and Hass 20 (-3.85 eV) for a coverage of 1/9 ML. They also found the fcc site to be the best site for N adsorption on Cu(111). The geometric parameters for this configuration are presented in Table 3 . The activation energy for diffusion of nitrogen on (Table 2) , which is much lower as compared to that on both of the CuSn(0001) surfaces, suggesting that atomic nitrogen is much more mobile on Cu(111) than on CuSn(0001) surfaces. This N diffusion barrier estimate agrees well with the estimate of 0.28 eV for N on Cu(111), calculated by Bogicevic and Hass 20 for a 1/9 ML coverage using the PW91 functional.
To explain the binding characteristics of N on the three surfaces of this study, we have generated the density difference plots for N adsorption at the hcp site on Cu-terminated CuSn-(0001), Sn-terminated CuSn(0001), and Cu(111) ( Figure 5 ). We note here that the hcp site is not the best site for N adsorption on Cu(111); however, the binding strength at the hcp site isnot significantly different from that at the best (fcc) site (see Table  1 ). We can attribute the increased binding energy on CuSn-(0001) surfaces to the stronger interactions between N and both the first and the second layer Cu and Sn atoms, as opposed to N interacting almost exclusively with the first layer Cu atoms in Cu(111). Furthermore, charge transfer is more facile between Cu and N rather than between Sn and N. However, strain appears to be the main cause for the higher binding energy of the N on the Cu-terminated CuSn(0001) surface as compared to the Cu(111). As seen from Figure 4 and Table 4 , N adsorption is almost as favored on the 15% stretched Cu(111) surface as it is on Cu-terminated CuSn(0001) surface. Table 4 also shows that N binds strongest on stretched Cu(111) surface and Cuterminated CuSn(0001) surface at the hcp site, whereas on the unstretched Cu(111) surface it prefers the fcc site. These similarities in the binding energies and the site preference of N on the stretched Cu(111) and the Cu-terminated CuSn(0001) surfaces clearly point to strain being the major factor for enhancement of binding energy of N on the Cu-terminated CuSn(0001) surface. It is this strain that allows for the interaction of the adsorbed N atom with the second layer Sn atom, as seen in Figure 5 .
The 59 (-4.50 eV) also agrees with our results, considering that LDA pseudopotentials were used in that study. Our site preference on Cu(111) also agrees well with these studies. 19, 59 Diffusion barriers for oxygen on the Cu-terminated CuSn(0001) and Snterminated CuSn(0001) surfaces are estimated to be 0.11 [0.14] and 0.14 [0.18], respectively. These values are much lower than that on Cu(111) (0.55 [0.34] eV; see Table 2 ). Bogicevic and Haas 20 using the PW91 functional, estimated the O diffusion barrier on Cu(111) to be 0.37 eV for 1/9 ML coverage. The activation energy for O diffusion on Cu(111) estimated here is higher, most probably because our calculations are performed at a higher coverage (1/4 ML) where repulsion between adsorbed species is expected to be higher. The geometric parameters for oxygen adsorption on Cu(111) are given in Table 3 and depicted in Figure 3b,g,l. The distance of the oxygen atom from the Cu(111) slab is 1.18 Å. This value compares well with the values To demonstrate the differences and similarities in the bonding characteristics of O on these surfaces, electronic density difference plots were generated for O adsorption at the fcc site, which is the preferred site for adsorption of O on Cu(111) and Sn-terminated CuSn(0001) and has energy reasonably close to the preferred site (hcp) on Cu-terminated CuSn(0001) ( Figure  6 ). For both Cu-terminated CuSn(0001) and Sn-terminated CuSn(0001), an increase in the electron density in the p z orbital of O is observed, whereas there is an electron density depletion in the p x and p y orbitals of O. The reverse behavior is observed for O/Cu(111). The stronger binding of O to the Cu-terminated CuSn(0001) surface could be attributed to two factors: (i) the 15% expansive strain in CuSn(0001) lattice as compared to pure Cu(111) and (ii) electronic modification of the Cu surface atoms by subsurface Sn atoms. The binding energy of O on Cuterminated CuSn(0001) is greater than that on Cu(111) by 17%. Previous studies 19 of the effect of strain on the binding energy of O on Cu(111) show that a 3.8% expansive strain causes the binding energy to increase only by 1.2%. However, our calculations on the 15% stretched Cu(111) surface show that the binding energy of O on this surface is -5.08 [-4.45] eV (Table 4) , which is very close to the binding energy observed on the Cu-terminated CuSn(0001) surface. We also find that the site preference for O on Cu(111) changes from the fcc site to the hcp site when 15% strain is induced. Incidentally, the preferred site for O adsorption on Cu-terminated CuSn(0001) surface is also the hcp site. Thus, it appears that as in the case of N, strain is the major factor for enhancement for binding energy of O on the Cu-terminated CuSn(0001) surface, while the electronic effects due to the addition of Sn play only a minor role.
Strong bonding is exhibited by sulfur on Cu-terminated CuSn-(0001) and Cu(111) surfaces. On Cu-terminated CuSn(0001), sulfur prefers the hcp site (binding energy ) -5.06 [-4.68] eV as shown in Table 1 ). The hcp site with a binding energy of (Table 1) is also preferred on the Snterminated CuSn(0001). On the other hand, on Cu(111), the fcc site, with a binding energy of -4.33 [-3.80] eV (Table 1) , is the most favorable site. The binding energies of sulfur and oxygen on Cu-terminated CuSn(0001) and Cu(111) surfaces are very similar. These similarities extend to the characteristics of reconstructions induced by O and S (see Table 3 ). Table 4 and Figure 4 show that the enhanced binding energy of S on Cuterminated CuSn(0001) as compared to Cu(111) is caused by both strain and electronic effects. The diffusion barriers for S on Cu-terminated CuSn(0001) and Sn-terminated CuSn (Table 2) suggesting that S is more mobile on Cu(111) than the CuSn(0001) surfaces. This difference reflects a more corrugated potential energy surface for S on CuSn(0001) as compared to Cu(111).
The most strongly bound atom in the present study is carbon. On both of the Cu-terminated CuSn(0001) and the Sn-terminated CuSn(0001) surfaces, the preferred binding site for C adsorption is the hcp site. The binding energies of C on these surfaces are Table  3 .
To further analyze the binding of carbon to these surfaces, density difference plots are generated for adsorption at the hcp site. As seen in Figure 7 , the stronger binding on the Cuterminated CuSn(0001) surface is characterized by a strong electron density gain in the p z orbital of C, whereas in the other two cases, the electron density of that orbital decreases upon adsorption. We also note here that C binds significantly more strongly on a 15% stretched Cu(111) slab than on Cu-terminated CuSn(0001) surface (Table 4 and 
Adsorption of Molecules and Radicals
Nitric oxide (NO) is the least strongly bound of the molecular adsorbates studied on the Cu-terminated CuSn(0001) surface. We find that the magnetic moment of NO is quenched completely on all of the surfaces studied. The best site for NO adsorption on Cu-terminated CuSn(0001) is the bridge site (Figure 3d) , with a binding energy of -1.19 [-0.73] eV (Table  1) . Adsorbed NO on Cu-terminated CuSn(0001) is tilted with respect to the surface normal by an angle of 14° (Table 5) . Similarly, on the Sn-terminated CuSn(0001) surface, NO prefers the bridge-tilted configuration (Figure 3i ) and the tilt with respect to the surface normal is 25°( less coordinated Cu site as compared to Cu(111). At such a site, the binding energy of NO is expected to be enhanced as compared to the binding energy of -0.47 eV calculated on the Cu(111) surface using the RPBE functional. On the Cu 6 Sn 5 / SiO 2 catalyst, we find that NO adsorption shows two plateaus at 69 kJ/mol (0.72 eV) and 38 kJ/mol (0.39 eV) (See Figure  1b) . Using the RPBE functional, we calculate the binding energy of NO on the Cu-terminated and Sn-terminated CuSn(0001) surfaces to be -0.73 eV and -0.35 eV, respectively. Thus, the binding energies determined using the RPBE functional can be used to explain these experimental results, while the PW91 values tend to overestimate the binding energies. It is noteworthy that the plateau at 0.39 eV, which we attribute to NO adsorption on the Sn-terminated CuSn(0001) surface, is dominant, suggesting that the surface is rich in the Sn-terminated alloy phase.
The results from our DFT calculations show that there is no appreciable change in the bond length of N-O on the three surfaces ( Table 5 ). The preference for adsorption of NO at the fcc site and the perpendicular geometry for NO on Cu(111) are in accord with findings by previous DFT studies, 20 although the binding energy calculated in our work is slightly lower than that determined for a coverage of 1/9 ML on a five layer Cu(111) slab. This lower binding energy is expected, considering that our calculations are performed at higher coverage, where the repulsive interaction between adsorbed NO species is enhanced. Ab initio molecular orbital cluster model studies by Fernadez-Garcia et al. 60 suggest NO to be tilted at 58°, which contradicts our findings. However, IRAS studies by Dumas et al. 61 suggest that NO is perpendicular to the surface in agreement with our findings. Table 4 and Figure 4 show that the binding energies of NO on Cu(111), 15% stretched Cu(111), and Cuterminated CuSn(0001) surfaces are within 0.20 eV of each other. This result indicates that strain and electronic effects due to Sn addition are less important for NO adsorption than for N adsorption. Furthermore, Table 4 also points out that as in the case of N and O, strain induced by Sn addition is likely to be the main cause for enhancing the binding energy of NO on the Cu-terminated CuSn(0001) surface. The diffusion barriers for NO on the surfaces studied are estimated to be very low (Table  2) : (i) less than 0.1 eV on Sn-terminated CuSn(0001), (ii) 0.16-[0.19] eV on Cu-terminated CuSn(0001), and (iii) 0.13 [0.08] eV on Cu(111), identical to the value determined by Bogicevic and Hass. 20 Carbon monoxide (CO) adsorbs on Cu-terminated CuSn-(0001) and Cu(111) but not on Sn-terminated CuSn(0001). Thus, our experimental observation that negligible amounts of CO adsorb on the Cu 6 Sn 5 /SiO 2 catalyst indicates that Sn-terminated CuSn is the predominant phase. CO adsorbs strongest on the Cu(111) surface at the fcc and hcp sites with a binding energy of -0.84 [-0.39] eV (Table 1 ). The binding energy of CO on Cu-terminated CuSn (0001) is -1.20 [-0.62] eV at the fcc site (see Table 1 ). The adsorption at the top site of the latter surface is also competitive, with a binding energy of -1.10 [-0.74] eV. Figure 3e ,o shows the adsorption of CO at the fcc sites on these surfaces while Tables 3 and 5 give the geometric parameters. Capturing the experimentally determined preferred site (top) for CO adsorption on transition metals represents a well-known, yet unresolved, problem of DFT studies, 5, 23 and this difficulty persists in this study as well. Redhead analyses of TPD data typically give binding energies of -0.52 ( 0.05 eV 62, 63 for CO adsorbed on the top site on Cu(111). Previous DFT studies 45, 64, 65 have reported CO binding energies between -0.62 and -0.70 eV at the top site. Our top site binding energy of CO on Cu(111) is -0.73 eV, comparing well with these values. Results from DFT calculations 66 using Cu 31 clusters suggest a lower binding energy of -0.50 eV at the fcc site. Studies of CO oxidation by Nishiyama et al. 67 have shown that addition of Sn to the surface weakens the adsorption of CO on Rh/SiO 2 , indicating that CO does not adsorb on Sn. Similarly, CO oxidation on Pt-Sn alloys appears to be faster than on Pt catalysts, suggesting a weaker metal-CO bond. [68] [69] [70] Our studies indicate that CO adsorption on Sn-terminated CuSn(0001) is energetically unfavorable. In addition, the presence of Sn in the second layer at the hcp site of Cu-terminated CuSn(0001) causes CO to bind weakly at this site. The addition of Sn, however, enhances the CO binding at the fcc site of Cuterminated CuSn(0001). In accord with previous calculations, 45 a considerable fraction of the increase in binding energy on Cuterminated CuSn(0001) can be attributed to the 15% expansive strain imposed on Cu by alloying it with Sn. Table 4 shows that the binding energy of CO on the 15% stretched Cu(111) slab (-0.99 [-0.58] eV) is significantly higher than the corresponding energy on the equilibrium lattice constant Cu(111) surface. Importantly, the density difference plots in Figure 8 suggest that there is an enhanced donation (charge transfer) to the surface in the case of Cu-terminated CuSn(0001), as compared to Cu(111), whereas back-donation from the surface remains constant, resulting in a stronger bond between the CO and the Cu-terminated CuSn(0001) surface.
The adsorption of hydroxyl (OH) species on Cu-terminated CuSn(0001) is stronger than on Cu(111) or Sn-terminated CuSn- (0001). The preferred site for OH on Cu-terminated CuSn(0001) is the fcc site, with the OH oriented perpendicular to the surface. The binding energy of OH on this surface is -3.51 [-2.87] eV (Table 1) . This is significantly greater than the binding energy of OH on the Sn-terminated surface (-2.76 [-2.37] eV; see Table 1 ). On the Sn-terminated CuSn(0001) surface, the OH group adsorbs at the top site, tilted with respect to the surface normal at an angle of 64°(see Table 5 ). The OH species prefers fcc, the perpendicular orientation on Cu(111), and the corresponding binding energy on this surface is -2.85 [-2.26] eV (see Table 1 ). The geometric parameters for the preferred OH adsorption modes on these three surfaces are given in Tables 3  and 5 . The site preference on Cu(111) and the binding energy found for this surface compare reasonably well with findings from previous cluster DFT studies by Koper and van Santen 18 (-3.01 eV) and by Hermann et al. 22 (-2.49 eV). Table 4 and Figure 4 indicate that OH binds considerably more strongly on the 15% stretched Cu(111) surface (-3.34 [-2 .82] eV). The stronger interaction of OH with the Cu-terminated CuSn(0001) surface indicates that an electronic effect due to Sn addition is important in enhancing the binding of OH on the Cu-terminated CuSn(0001) surface as compared to the Cu(111) surface. The estimated diffusion barrier for OH on the two CuSn(0001) surfaces and on Cu(111) is very low (see Table 2 ), suggesting a high mobility of OH on these surfaces.
Thermochemistry of CO, NO, and OH Dissociation and CO Oxidation
Figures 9-11 show the thermochemistry of CO dissociation and CO oxidation, NO dissociation, and OH dissociation on the surfaces studied here. Because CO does not adsorb on Snterminated CuSn(0001), the thermochemistry of CO dissociation and CO oxidation reactions was studied only on Cu(111) and Cu-terminated CuSn(0001). The dissociation of CO adsorbed on Cu(111) is highly endothermic and requires 3.11 [3.39] eV. Previous DFT calculations using NLDA pseudopotentials on a Cu 31 cluster 66 indicate that the energy required for dissociation of adsorbed CO on Cu(111) is 3.69 eV. The dissociation of adsorbed CO on Cu-terminated CuSn(0001) is more favorable (yet still endothermic by 1.98 [2.00] eV) as compared to that on Cu(111), primarily because of the additional stabilization of the products (C and O) on the Cu-terminated CuSn(0001) surface. Thus, as seen from Figure 9 , molecular desorption of CO would be preferable to CO dissociation on both surfaces. Figure 9 also indicates that CO oxidation on Cu(111) and the Cu-terminated CuSn(0001) surface is energetically favorable as compared to CO dissociation. On Cu(111), oxidation of adsorbed CO with surface O is a highly exothermic process with an energy change of -1.02 [-1.72] eV. Previous DFT calculations using cluster methods have shown this reaction to be exothermic by -0.63 eV. 71 Because of the stabilization of CO and O species on the surface, the CO oxidation reaction is less favored on Cu-terminated CuSn(0001), with an energy change of 0.08 [-0.49] eV.
The thermochemical pathway for the adsorption and decomposition of NO to give N and O adsorbed on the surface is depicted in Figure 10 . Previous DFT studies on a 3 × 3 unit cell, 20 using PW91, have shown the dissociative adsorption of NO on Cu(111) to be exothermic by 0.79 eV. This value compares well with our predicted thermochemistry on Cu(111), which is exothermic by 0.80 eV. The RPBE functional, however, predicts the reaction to be almost thermoneutral (0.01 eV endothermic). On Sn-terminated CuSn(0001), the reaction is exothermic by 0.99 [0.55] eV, while on Cu-terminated CuSn-(0001) it is much more exothermic (2.56 [1.99] eV with respect to gas phase NO). The energy for desorption of NO from Cu(111) calculated here (PW91) is 1.03 eV. This is comparable to the reported dissociation barrier of 1.20 eV, 20 suggesting that dissociation and desorption are likely to be competitive. Hence, as suggested by Bogicevic and Haas, NO dissociation can occur on Cu(111) but only at low coverages where site blocking is not predominant.
Our microcalorimetry results show that the heats of NO dissociation on Cu/SiO 2 and Cu 6 Sn 5 /SiO 2 are -270 (-2.80 eV) and -130 (-1.35 eV) kJ/mol, respectively (Figure 1a,b) . The heat of reaction on Cu/SiO 2 is of the same order of magnitude as that for the reaction NO(g) f 1/2N 2 (g) + O(a) on Cu(111) Figure 9 . Thermochemistry of CO dissociation and CO oxidation on the Cu-terminated CuSn (0001) and Cu(111) surfaces. The red solid line traces the thermochemical pathway for CO oxidation on Cu(111), while the red dashed line traces the pathway for CO dissociation on Cu(111). Similarly, the solid and the dashed blue lines trace the pathways for CO oxidation and dissociation, respectively, on the Cuterminated CuSn(0001) surface. The thin lines are a guide to the eye. Reference zero corresponds to the energy of the gas phase CO molecule in the gas phase and an O atom adsorbed on a Cu-terminated CuSn-(0001) or Cu(111) slab at infinite separation from each other. Energetics are calculated with the (a) PW91 and (b) RPBE functionals.
(-2.37 [-1.92] eV). Hence, we suggest that on the Cu/SiO 2 catalyst, NO undergoes dissociation to give N 2 in the gas phase and adsorbed O. Indeed, during the first four doses of NO onto the sample, residual gas was measured in the microcalorimetric cells in an amount consistent with NO dissociation to give gaseous N 2 plus adsorbed oxygen. In contrast, we find that the initial heat of NO reaction on Cu 6 Sn 5 /SiO 2 is -1.35 eV, which is significantly less than the initial heat on Cu(111). This value is also lower than -2. . Hence, we suggest that the predominant reaction on Cu 6 -Sn 5 /SiO 2 at lower coverages is partial dissociation of NO. Indeed, during the first three doses of NO onto the Cu 6 Sn 5 / SiO 2 sample, residual gas was measured in the microcalorimetric cells in an amount consistent with NO dissociation to give gaseous N 2 O plus adsorbed oxygen. Finally, we suggest that complete dissociation of NO is expected on Cu-terminated CuSn(0001), given the extremely favorable thermodynamics of the NO dissociation reaction on this surface (see Figure 10) .
We have also studied the thermochemistry of OH dissociation on Cu-terminated CuSn(0001), Sn-terminated CuSn(0001), and Cu(111). This reaction is of importance for the WGS reaction. 72 This reaction is endothermic on all three surfaces studied ( Figure  11 ). However, OH dissociation is endothermic by only 0.11 [0.14] eV on Cu-terminated CuSn(0001), which is a significant Figure 10 . Thermochemistry of NO dissociation on the Cu-terminated CuSn(0001), Sn-terminated CuSn(0001), and Cu(111) surfaces is indicated in blue, green, and red, respectively. The thin lines are a guide to the eye. Reference zero corresponds to the gas phase NO molecule and the corresponding slab at infinite separation. Energetics are calculated with the (a) PW91 and (b) RPBE functionals. Figure 11 . Thermochemistry of OH dissociation on the Cu-terminated CuSn(0001), Sn-terminated CuSn(0001), and Cu(111) surfaces is indicated in blue, green, and red, respectively. The thin lines are a guide to the eye. Reference zero corresponds to the gas phase OH and the corresponding slab at infinite separation. Energetics are calculated with the (a) PW91 and (b) RPBE functionals. improvement over Cu(111) (endothermic by 0.77 [0.87] eV). The value for Cu(111) compares well with the energy change predicted by Koper and van Santen 18 (0.67 eV). We find that OH dissociation on Sn-terminated CuSn(0001) is much less favorable (endothermic by 1.09 [1.16] eV), probably because of the lower binding energy of H on this surface.
Conclusions
The adsorption of various atomic (H, O, N, S, and C), molecular (CO and NO), and radical (OH) species on Cuterminated CuSn(0001), Sn-terminated CuSn(0001), and Cu(111) at 0.25 ML coverage has been studied using periodic, selfconsistent DFT calculations. The preferred binding sites for the atomic adsorbates are the 3-fold sites, with the exception of H on Sn-terminated CuSn(0001), where H prefers the top site. This preference for 3-fold sites is found for all molecular adsorbates studied on Cu(111), while certain adsorbates prefer other sites on CuSn(0001) surfaces. In particular, NO prefers bridge-tilted states on CuSn(0001) surfaces, and OH tends to adsorb tilted to the surface at the top site on Sn-terminated CuSn(0001). All adsorbates studied here bind more strongly to the Cu-terminated CuSn(0001) surface than to the Cu(111) surface and to the Snterminated CuSn(0001) surface. We suggest that expansive strain in Cu coupled with the electronic structure changes induced by Sn play a significant role in stabilizing most adsorbates on Cuterminated CuSn(0001).
The thermochemistry of CO dissociation is unfavorable on Cu(111) and Cu-terminated CuSn(0001) surfaces, and molecular desorption is clearly preferred to CO dissociation. On the other hand, thermodynamics favors CO oxidation over molecular desorption of CO on both of the surfaces. Dissociation of OH is endothermic on all three surfaces studied. As compared to the dissociation of CO and OH, NO dissociation thermodynamics are much more favorable on all of the surfaces studied. The energetics of NO dissociation suggests that this reaction is much more feasible on the Cu-terminated CuSn(0001) surface than on Cu(111) and Sn-terminated CuSn(0001) surfaces. Microcalorimetric investigations of NO adsorption and dissociation on a Cu/SiO 2 catalyst indicate that complete NO dissociation to give gaseous N 2 and surface oxygen is favorable on that catalyst. In contrast, on the Cu 6 Sn 5 /SiO 2 catalyst, which is rich in the Sn-terminated CuSn phase, partial dissociation of NO to give gaseous N 2 O plus surface oxygen is favored over complete dissociation to N 2 and adsorbed O.
